Introduction
There is a need for new measurement methods that can emulate multipath environments for Over-The-Air (OTA) testing of devices with small antennas and in particular when the communication system can generate dynamically changing multiple channels through the multipath by means of multiport antennas, i.e. having MIMO capability (Multiple Input Multiple Output). The reverberation chamber has during the last ten years been developed into an accurate method for such testing [1] , representing an isotropic threedimensional (3-D) environment with a uniform distribution of incoming waves over the unit sphere. Lately it has been proposed to instead perform such tests in a horizontal twodimensional (2-D) environment realized by antennas located in a ring around the DUT. This paper will present a comparison of theoretical results of simulating such tests in rich isotropic 3-D and horizontal 2-D environments. The results are presented in terms of Mean Effective Gains (MEG) [2] or rather Mean Effective Directivities (MED) [1] , and apparent diversity gains [3] , obtained by using a multipath simulator based on the receive antenna equivalent circuit in [4] and the theory in [5] .
The radiation field function of small antennas can always be considered a superposition of the elementary sources that excite the basic spherical modes, i.e. incremental electric and magnetic dipoles. Therefore, the study is limited to a single incremental electric dipole and a single incremental magnetic dipole, and a Huygens's source [6] . The latter is a specific linear superposition of the two preceding ones resulting in classical Huygens's source. These will be studied for different orientations, and in different diversity antenna configurations in the isotropic 3-D and horizontal 2-D environments.
Definitions of Efficiencies, Diversity Gains, MEG and MED
Small antennas are uniquely characterized in isotropic multipath environments in terms of their classical total radiation efficiency. This accounts for ohmic losses as well as classical impedance mismatch factor. Similarly, two-port diversity antennas are characterized by the embedded element efficiencies of both ports [1] , including the socalled decoupling efficiency representing power leaving both excited (reflections) and non-excited ports. The characterization of MIMO antennas in terms of efficiencies means also that the wireless stations are completely characterized by total radiated power (TRP) and Total Isotropic Sensitivity (TIS), not including any antenna directivities; but note that this is only ideally true for rich isotropic multipath environment. Bear also in mind that the decoupling efficiency is the same as the classical element efficiency of a phased array antenna [7] . Such decoupling efficiency also come into the analysis of other types of modern arrays, see [8] .
The apparent and effective diversity gains are defined from the cumulative probability distribution (CDF) functions, and we choose here as in [1] and [3] a definition of effective diversity gain, based on the gain evaluated at 1% CDF level relative to a lossless single antenna. Apparent diversity gain is the gain relative to the one of the two diversity elements that has the highest total radiation efficiency, at the same CDF level. We are using diversity by selection combining in the present analysis, and then the maximum achievable apparent diversity gain in an isotropic environment is 10.2 dB.
For other non-isotropic rich multipath environments the characterization is not unique and will depend on how the terminal is oriented in the environment, and on the antenna type, i.e. pattern shape and polarization. The characterizing quantity is the Mean Effective Gain (MEG) [2] . This is defined as: the ratio between the power received on the port of the antenna in average when the antenna is moved through the environment, divided by the sum of the average powers received on the two ports of an ideal isotropic dual polarized antenna when this is moved around in the same environment. This is equal to the radiation efficiency multiplied by a Mean Effective Directivity (MED). Thus, it is always advantageous that the antenna has high radiation efficiency. Due to the definition of MEG (relative to the sum of received powers on two ports) it is clear that in an isotropic environment MEG = -3 dB if the radiation efficiency of the antenna is 0 dB, i.e. 100%. For the 2-D environment we also need to specify the radiation pattern shape of the reference antenna, because the performance will change much with radiation pattern shape and polarization. We choose to define the effective gain relative to an ideal dual polarized isotropic reference in the same way as for the MEG and MED definitions. The apparent diversity gain will therefore be the effective diversity gain multiplied with the highest of the MEGs of the two antennas. The MED are defined in the CDF graph in Fig.  1 for one of the theoretical small antenna examples in 2-D environment.
Multipath Simulations in MEST
The results for the incremental antennas have in the present paper been obtained with the Multipath Environment Simulator for evaluation of MIMO Terminals (MEST), developed at Chalmers based on the models in [5] . The inputs to MEST are the embedded element patterns plus scattering parameters between the ports of the receive antenna. These have in the present results been evaluated by the wire code in [9] , by using 50 ohm loads on the ports. The magnetic dipoles have been modelled as small electric current loops. MEST generates a number of incoming waves, corresponding to a number of scatterers, from arbitrary directions and with arbitrary polarization, amplitude and phase. The arbitrary amplitude and phase correspond to a complex Gaussian distribution that corresponds to the Rayleigh fading envelope at the antenna ports. The arbitrary polarization creates polarization balance of the fields. All arbitrary directions are for the horizontal 2-D environment located in the horizontal plane, where as they are spread arbitrary over the whole unit sphere for the isotropic 3-D environment. We generate this environment a number of times, referred to as scenarios, and from all these results we can evaluate the MEG and the diversity gains. The number of scatterers used is 50, and number of scenarios 50000, both large enough to ensure convergence in the results. Table 1 gives MED of different examples in the 2-D horizontal environment: the incremental electric dipole, the incremental magnetic dipole (loop antenna), and the Huygens's source (inverted F-antennas has characteristics similar to Huygens's sources at some frequencies). The results are illustrative by themselves. Table 2 shows diversity gains. We see that the apparent diversity gain also depends on antenna type in the 2-D environment, but not so much as the MED except for one case: For spatial diversity in the vertical plane the diversity gain is zero in the 2-D environment, as expected. At the country side there may be environments that are close to 2-D, so it could be of importance to detect such deficiency. However, this case is anyway very simple to avoid in practice by requiring that diversity antennas should be separated in the horizontal plane, on wireless stations with fixed orientation relative to a vertical axis. 
Results for Incremental Electric and Magnetic Dipoles

Conclusion
We have studied the performance of antennas in inherently polarization-balanced horizontal 2-D multipath environments with angles of arrival in the horizontal plane only. The average received power may vary up to 3 dB depending on type of small antenna and its orientation, and, the observed polarization balanced may be anything between +3 and -3 dB, depending on the antenna by which it is measured. Thus, it makes no sense to test antennas and wireless stations in such or similar environments that are not isotropic since we cannot uniquely determine their quality because of its dependence on antenna orientation. On the other hand, isotropic environments as emulated by reverberation chambers can characterize them in a unique way. There may be an exception for stations that are not used with fixed orientation in the vertical plane, such as laptop, for which additional radiation patterns in the elevation plane may be needed. However, laptops are mainly used indoor, for which the environment is known to be quite isotropic.
